To disclose risk factors for active tuberculosis transmission in the Netherlands, restriction fragment length polymorphism (RFLP) patterns of 78% of the Mycobacterium tuberculosis isolates, from the period 1993-1997, were analyzed. Of the respective 4266 cases, 46% were found in clusters of isolates with identical RFLPs, and 35% were attributed to active transmission. The clustering percentage increased strongly with the number of isolates; taking this into account, fewer cases were clustered than has been reported in other studies. Contact investigations in the five largest clusters of 23-47 patients suggested epidemiological linkage between cases. Of patients identified through contact tracing, 91% were clustered. Demographic risk factors for active transmission of tuberculosis included male sex, urban residence, Dutch and Surinamese nationality, and long-term residence in the Netherlands. Human immunodeficiency virus infection was not an independent risk factor for active transmission. Isoniazid-resistant strains were relatively less frequently clustered, suggesting that these generated fewer secondary cases.
Molecular strain typing of Mycobacterium tuberculosis by restriction fragment length polymorphism (RFLP) has been used to study the epidemiology of tuberculosis. Disclosure of patients harboring M. tuberculosis strains with identical RFLP patterns suggests an epidemiological link between such "clustered" cases, provided that sufficient genetic diversity among M. tuberculosis strains exists in the respective population. RFLP typing has been used for various epidemiological purposes, such as outbreak investigations in health care settings and communities [1] [2] [3] , to determine risk factors for active transmission of tuberculosis [4] [5] [6] , to estimate the proportion of epidemiological links not identified by conventional contact tracing [4, 6] , to identify misdiagnosis due to laboratory crosscontaminations [7] [8] [9] , and to quantify tuberculosis transmission between subpopulations [10] . Population-based studies in which all M. tuberculosis isolates during a given time period are subjected to RFLP typing have been shown to be particularly useful in disclosing unsuspected cases of transmission and quantifying ongoing transmission in a population [4, 10] . As a result of an intensified tuberculosis surveillance in the Netherlands, we typed all M. tuberculosis isolates from patients who developed tuberculosis since 1993. In this report we describe the analysis of the molecular epidemiological findings during the first 5 years of the application of systematic RFLP typing.
Traditionally, the incidence of tuberculosis due to active transmission has been estimated indirectly from notification data [11, 12] . These studies suggest that tuberculosis in countries with low prevalence is mainly attributable to reactivation of remote infections acquired in the past, in particular in patients in older age groups.
Population-based studies using RFLP typing of M. tuberculosis have indicated an unexpectedly high degree of ongoing transmission in regions with low incidence [4, 13] . Furthermore, these studies showed that the proportion of nonclustered tuberculosis cases increases with age, which is consistent with a higher frequency of reactivation of remote infections in the older age groups [4-6, 13, 14] . In this study we analyzed to what extent the age dependency of clustering is due to a decreasing incidence of active transmission with increasing age or to an increasing incidence of reactivation.
The proportion of clustered cases has been used to determine the contribution of active transmission to the total incidence of tuberculosis [4, 5, [13] [14] [15] . However, the number of patients included, the age structure of the human population, and the study period differed greatly in these population-based studies. As these factors are expected to greatly influence clustering [16] , the degree of ongoing transmission as estimated from the percentage of patients clustered is difficult to compare in the various studies. The large number of patients analyzed in the current long-term study enabled quantification of the influence of such factors.
The assumption that clustering is due to active transmission has been only partly validated. In outbreak investigations, the epidemiological links between cases sharing identical RFLP patterns are clear [1] [2] [3] . In citywide studies, epidemiological links between cases have been found, such as shared-risk environments like homeless shelters or shared-risk behavior like alcohol or drug abuse [4] [5] [6] [17] [18] [19] [20] [21] . In a rural area in Arkansas, epidemiological links in contact tracing were not found among 58% of the clustered cases, despite extensive contact investigations [22] . In this study we attempt to clarify to what extent clustering represents active transmission in a country with low prevalence.
In Europe in general, and in the Netherlands in particular, an increasing proportion of tuberculosis cases occurs among immigrants [23, 24] . In a recent study, using a new analytical approach, we estimated that 17% of the tuberculosis cases among the Dutch were attributable to active transmission from non-Dutch source cases [10] . The transmission attributable to Dutch sources was about equal: 15% [10] . However, this study did not describe in detail which Dutch subgroups interacted with particular immigrant populations. Therefore, we now investigated the characteristics of these "bridging populations."
Drug resistance of tuberculosis bacilli is becoming a major global problem, leading to a reduced effectiveness of currently available treatment regimens [25] . Inadequate prescription, noncompliance, and insufficient drug supply all contribute to increasing levels of drug resistance [25] . Drug-resistant strains have been found to spread rapidly through nosocomial transmission among human immunodeficiency virus (HIV)-infected individuals [1, 18] . Studies in San Francisco and New York City showed that drug-resistant M. tuberculosis was more prevalent among clustered than among nonclustered isolates. This is in contrast to the situation in the Netherlands, where isoniazidresistant strains were found to be transmitted less frequently than isoniazid-susceptible strains [26] . However, from this study, it was unclear to what extent this difference was due to confounding factors such as differences in patient populations. In the Netherlands, isoniazid resistance is particularly prevalent among recently immigrated residents. In a recent study based on RFLP typing results and information on previous treatment, transmission of drug-resistant strains in the Netherlands was found to be uncommon [27] . The large number of patients included in this study allowed us to investigate the relationship between drug resistance and clustering in more detail.
Methods
Study population. In the period from January 1993 to December 1997, tuberculosis was diagnosed in 8183 patients in the Netherlands. In total, 5676 cases were culture-positive (69%). We excluded 330 cases because of incomplete laboratory or patient information and 224 cases from whom M. bovis or M. bovis bacilli Calmette-Guérin was isolated. Thus, 5122 patients were available, and M. tuberculosis isolates from these cases were subjected to RFLP typing.
Demographic and clinical data were obtained from the National Tuberculosis Register (NTR), held by the Royal Netherlands Tuberculosis Association, which receives data from municipal health services. These included data about demography, localization of disease, earlier treatment for tuberculosis, case-finding method, bacteriology, and risk groups. For privacy reasons, the NTR does not contain patient names and addresses. We therefore matched RFLP data with those in the NTR on the basis of the postal code, date of birth, and sex. This procedure resulted in 4357 matching patients (85% ). P ! .001 Of the 4357 patients with matching patient information and RFLP results, 91 had a unique RFLP pattern in the remaining database, although they were clustered with individuals for whom the matching process had failed or with individuals outside the study period. To remove ambiguity, these were excluded from the analysis. In total, 4266 patients were included in the main data analysis. This comprised 78% of the culture-positive cases caused by M. tuberculosis in the study period. The full 5-yr period was used to define clustering. Population data for calculation of incidence rates were obtained from the Netherlands Central Bureau of Statistics.
Contact tracing to examine possible epidemiological linkage of clustered cases was done in the period from December 1994 to December 1996 [28] ; 1170 clustered cases were available for this investigation of epidemiological relatedness.
Drug resistance testing. Drug susceptibility of the M. tuberculosis isolates was determined by use of the minimal inhibition concentration method [29] . In the matched data set, information on drug susceptibility was available for 99% of the isolates. Of these, 3.4% showed monoresistance to isoniazid, 4.9% to streptomycin, and 0.2% to rifampin. Combined resistance to isoniazid and streptomycin occurred in 2.8% of the isolates and to streptomycin and rifampin in 0.1% of the strains. Multidrug resistance (MDR), defined as resistance to at least isoniazid and rifampin, was found in 0.8% of the isolates. Fifty percent of these MDR strains were in addition resistant to streptomycin.
DNA fingerprinting. All M. tuberculosis cultures were subjected to the standardized IS6110-based RFLP typing, as described elsewhere [30] . Because the differentiation of M. tuberculosis strains carrying few IS6110 copies is poor [31] , all 433 strains (8.5%) harboring р4 IS6110 copies were subjected to subtyping by use of the Polymorphic GC-rich Sequence (PGRS) as a probe [31, 32] . Computer-assisted analysis of RFLP patterns was done by use of the GelCompar software, version 4.1 for Windows (Applied Maths, Kortrijk, Belgium) [33, 34] . The Dice coefficient was used to calculate the similarity coefficients [33, 34] , and cluster analysis was performed by use of the unweighted pair group method with the arithmetic averages method. Clusters were defined as groups of patients having isolates with identical RFLP patterns, that is, the same number of IS6110 copies at identical band positions. For isolates with !5 IS6110 bands, an additional requirement for clustering was the same number of PGRS-containing restriction fragments at identical band positions.
Epidemiological evidence on clustering representing active trans- mission. Epidemiological evidence for the hypothesis that clustering represents active transmission (with the exception of the original source case of a cluster) was sought as follows. First, we examined what proportion of cases identified through traditional contact tracing had RFLP patterns identical to the index case. This information was obtained from regional public health services. Second, we determined what proportion of clustered cases was found to be epidemiologically linked to other cases in the respective cluster in routine contact investigations. Finally, we analyzed the sociodemographic characteristics of patients in the 5 largest clusters, to assess to what extent identical RFLP patterns might be due to chance occurrence of predominant strains. Statistical analysis. Incidence rates were calculated using midyear populations to estimate person-years at risk by age, sex, and nationality. The influence of sample size and study period was determined by taking subsamples from the total study population either by random or by study period. Differences between proportions were tested for statistical significance with the x 2 test. Comparisons between clustered and nonclustered cases were expressed as odds ratios (ORs), and adjustment for confounders was done with logistic regression.
Results
Degree of clustering and incidence rate of clustered tuberculosis by age and nationality. The study population was composed of 4266 patients who developed tuberculosis during the period 1993-1997. A unique M. tuberculosis RFLP pattern was found among 2295 (54%) of the patients, the "nonclustered" cases. The remaining 1971 (46%) cases shared an identical RFLP pattern with у1 other patients, the "clustered" cases. The clustered cases was composed of 479 clusters, each having a distinct RFLP pattern.
The number of patients within a cluster varied from 2 to 47, and 52% of the clustered cases were in small clusters of р5 patients (figure 1). Assuming that each cluster contains one source case [4] and that all other cases in the clusters were due to active transmission, we calculate that 35% of the culturepositive cases were caused by active transmission of tuberculosis in the 5-year period.
The incidence rate of nonclustered and clustered tuberculosis by age and nationality is presented in figure 2 . Among the Dutch, the incidence rate of nonclustered tuberculosis increased steeply with age. In contrast, not much age-dependent variation in the incidence rate was found among the clustered cases (figure 2). The incidence rate of tuberculosis among the non-Dutch was 10-26 times higher than among the Dutch (figure 2). Furthermore, the incidence rate of nonclustered tuberculosis among the non-Dutch decreased strongly with age р55 years and increased sharply from ages 165 years. The incidence rate of clustered tuberculosis among the non-Dutch showed a similar age dependency. However, no increase was found for ages 165 years. Compared with Dutch patients, a smaller proportion of non-Dutch patients was clustered (figure 2). Tuberculosis occurred more frequently among males than among females both in the Dutch and non-Dutch (data not shown), and clustered cases were also more frequent among males (data not shown).
Sample size and study period as determinants of proportion of clustered cases. To estimate the influence of sample size and sampling time on the apparent degree of clustering, we com- pared the degree of clustering from incremental subsets of the 4266 tuberculosis cases. As shown in figure 3, there was a strong effect of the sample size of randomly selected samples on the percentage of clustering. This percentage increased from 12% for a subset of 200 samples to 46% for all 4266 patients. Increasing the number of cases by increasing the time window (measuring the time-dependent plus size-dependent variation) showed a higher percentage of clustering than random samples of the same size, starting from 22% in the first quarter of 1993. These data indicate that the effect of increasing the study period on the increasing percentage clustered is largely explained by the increasing number of isolates (figure 3). The additional clustering is due to the tendency of clustered cases to occur within a limited period of time, but this effect dominates only during the first 6 months.
Epidemiological evidence on clustering representing active transmission. In the study period, 215 patients were identified through contact tracing, and 195 (91%) of these were found in clusters. In contrast, only 46% (1507/3314 patients) of the cases detected through passive case finding were in clusters (crude OR, 12). We were able to epidemiologically evaluate 157 of the 168 clustered cases identified through contact tracing in the period 1993-1996. For 130 cases (83%), an epidemiologic connection could be identified with at least 1 other patient in the cluster, whereas 16 patients (10%) had a possible link with other patients because they shared the same places of entertainment. No connection with other cases in the cluster could be found in only 11 (7%) of the 157 cases.
In the Netherlands, all clustered tuberculosis cases are reported to the public health services, which in turn back-report the results in contact tracing of these cases. We were therefore able to evaluate the epidemiologic findings of 1170 clustered patients, of whom 523 (45%) had been involved in a routine contact tracing program. Of these 1170 clustered patients, 361 (31%) had a known contact with at least one other case identified in the corresponding cluster, and 162 (14%) had a possible contact. Possible contacts were defined as people sharing the same environment (shop, shelter, etc.) without identifying the other person as a contact. No obvious contact with patients in the corresponding cluster was found in 647 (55%) of the cases. The large majority (87%) of identified contacts were among household members, family, friends, or colleagues, suggesting that underdetection of casual contacts in these routine followups was likely [28] .
During the study period, 2774 different RFLP patterns were observed among the 4266 isolates. The probability of identical RFLP patterns occurring by chance would be expected to be small, except for certain commonly occurring RFLP types. To assess this possibility, we examined the 5 largest clusters (clusters A-E) composed of 47, 43, 41, 34, and 23 patients, respectively (figure 4). Cluster A was composed of 47 cases, and the majority of these cases were found to be epidemiologically linked, as described in detail elsewhere [3] . An infectious patient, who probably excreted M. tuberculosis during the 5 months before tuberculosis was diagnosed, initiated this microepidemic. Between 1993 and 1995, contact tracing resulted in disclosure of over 200 infected people and about 50 active tuberculosis cases. The majority of the initial and satellite cases were geographically related to a few cities where the index patient resided [3] . As shown in figure 4, cluster A was composed mainly of Dutch patients, and few of these appeared to be at increased risk, such as homelessness and drug abuse. Of the 84 patients in clusters B and C, 55 (65%) were from Amsterdam, and the characteristics of the patients in Amsterdam have been described [6] . Cluster C was composed of a high proportion of hard drug users, HIV-positive individuals, and homeless people. Cluster D was composed of 34 cases of which 30 (88%) were Somali patients, 3 were from Ethiopia, and 1 was a Dutch physician who had worked in a Somali refugee camp in Kenya. Cluster E, composed of 23 patients, evolved in a relatively short period of 30 months. The first cases related to this cluster were caused by transmission from an asylum seeker to 7 other asylum seekers of different origin. The remaining cases were found among Dutch residents. How the transmission from the asylum seekers to the native population occurred was not completely ). In the four largest cities, a slightly larger P ! .0001 proportion of tuberculosis cases was clustered than elsewhere. Tuberculosis patients who had been traveling to highly endemic areas were less frequently clustered. Clustering of cases was more common among drug users and tended to be increased among homeless people (OR, 1.8), though this was not statistically significant in multivariate analysis. HIV seropositivity was not found to be a risk factor for clustering (OR, 1.2; 95% confidence interval [CI], 0.9-1.6). Extrapulmonary cases were less likely to be in a cluster than pulmonary cases. Patients who had been previously treated for tuberculosis were somewhat less likely to be in a cluster. As described above, case detection To identify risk factors associated with transmission between Dutch and non-Dutch cases, clustered patients were subdivided into clusters with Dutch patients only, into mixed clusters composed of Dutch-non-Dutch patients, and into those with only non-Dutch patients. Young and middle age, urban residence, drug abuse, and isoniazid resistance were risk factors associated with Dutch patients' being in mixed clusters (table 2) . It may be worth noting that the HIV-infected Dutch patients were mainly found among drug users, and, therefore, adjustment for drug use strongly decreased the association with HIV infection (adjusted OR, 1.5; 95% CI, 0.6-3.8). Risk factors among nonDutch patients for being in a cluster containing Dutch patients were middle age, Surinamese nationality, duration of stay in the Netherlands, urban residence, drug use, and pulmonary localization of tuberculosis (table 3) .
Transmission of drug-resistant and drug-susceptible tuberculosis. Isoniazid-resistant strains were less likely to be in a cluster than isoniazid-sensitive strains (OR, 0.7; 95% CI, 0.5-0.9; table 1). In table 4, data are presented separately for the Dutch and non-Dutch. Among non-Dutch patients, 36% of isoniazid-resistant strains were clustered, compared with 45% of isoniazid-sensitive strains (crude and adjusted OR, 0.7). Similarly, among the Dutch, the crude and adjusted ORs were 0.7, and 0.4, respectively.
Discussion
The findings of this study show that the percentage of clustering is strongly dependent on the age of the patients in a study population, size of the study population, and length of the study period. Therefore, the degree of clustering in the various studies published cannot be interpreted directly in terms of the degree of ongoing transmission, even when the values of clustering obtained appear to be similar. The proportion of cases clustered in our study was 46%, and the proportion attributable to active transmission was estimated to be 35%. These values are comparable with those in studies conducted in San Francisco [4] , New York [5] , Zurich [35] , Bern [36] , Denmark [14] , and South Africa [15] . However, a major difference with these studies is the extended study period of 5 years and large sample size, 4266 patients, in the present study. The sample size and percentage of clustered cases varied: approximately 100 cases in New York (37.5% clustered) [5] , 246 in South Africa (45%) [15] , 500 in San Francisco (40%) [4] , and 1500 in Denmark (50%) [14] . As a first attempt to enable comparison between molecular epidemiological data from different regions, one may plot the percentage of clustered cases against the sample size. The gradient of this graph may be a crude marker for ongoing transmission rather than the fraction of clustered cases for the whole target population. In the present study, the percentage of clustered cases amounted to 11%, 19%, 23%, and 35% for the sample sizes of 100, 200, 400, or 1000 consecutive cases. These values suggest significant less ongoing transmission in the Netherlands compared with any other geographical region studied thus far. This low value is consistent with the nature of the population studied in the Netherlands. All other studies except the Danish one were done in large cities, and our data indicate increased clustering in large cities.
In previous studies, the proportion of cases clustered was found to be highest at young ages [4, 5, 13] . The present study confirms these observations but suggests different underlying mechanisms among the Dutch and non-Dutch. Among the Dutch, an increased incidence of nonclustered tuberculosis at older ages (145 years of age) is of major importance, whereas among the non-Dutch a decreasing incidence of clustered tuberculosis is seen with increasing age (р55 years of age). For the Dutch, this might be due to a strongly increasing infection prevalence with increasing age. This is due to a cohort effect: the older population was exposed to a high risk of infection when they were young [37] . Among the non-Dutch, this cohort effect is expected to be much weaker. In addition, the association between age and clustering among immigrants is confounded by recent immigration, since this is associated both with less clustering and with young age. Outbreak investigations have shown that M. tuberculosis isolates from epidemiologically related tuberculosis patients are usually identical. However, the evidence of epidemiological linkage among patients clustered by matching RFLP patterns in population-based studies is not well established. Also in this study, the evidence that linkage by RFLP matching represents an epidemiological linkage was only circumstantial: (1) virtually all tuberculosis cases disclosed by active case finding from contact tracing were clustered, and in 91% of these cases evidence for epidemiological linkage was found; (2) regional public health institutes reported an epidemiological connection among 45% of the clustered tuberculosis cases; and (3) clustering was found to be associated with known risk factors for transmission, such as young age, drug abuse, and pulmonary tuberculosis.
It should be noted that our analysis may have overestimated active transmission due to the circulation of M. tuberculosis strains with stable RFLP patterns in the population or underestimated active transmission due to rapidly changing IS6110 patterns. In a recent study, Yeh et al. found that about 30% of serial isolates of patients whose cultures spanned at least 90 days had changed IS6110 RFLP patterns [38] . Preliminary investigations in our laboratory confirmed that IS6110 RFLP types have a relatively short half-life time, which may be in the range of a few years (A. de Boer, unpublished data). Therefore, it seems likely that the degree of ongoing transmission estimated in our study with a time window of 4 years should be corrected for some underestimation because of IS6110 instability during this period of time, which is longer than in most other studies.
More than half of the clustered patients in this study were in clusters composed of р5 individuals, and only a minority (19%) were in large clusters composed of 15 or more cases. The cluster size distribution in our study was very different from Denmark, where 40% of clustered patients were found in only 2 clusters [14] . The 5 largest clusters in the Netherlands was composed of only 9.5% of the clustered patients. Our study confirms the observation of others, that patients in large clusters share sociodemographic characteristics, such as homelessness, drug abuse, and ethnicity [3] . An exception was the largest cluster (cluster A), composed of 47 cases, because most cases were among low-risk individuals. The latter microepidemic was initiated by a chronic excretor whose disease was not recognized for many months. This example reemphasizes that failure to timely detect and treat a single chronic infectious patient may have a significant impact on the number of newly acquired infections in a population [4] .
The occurrence of large clusters may indicate weaknesses in the tuberculosis control activities, as they were still growing at the end of 1997. Transmission among the Somali immigrants may have occurred partly before their arrival in the Netherlands. However, 80% of cases in this cluster were identified у2 years after arrival in the Netherlands, suggesting that transmission in the Netherlands may have occurred as well. Contact tracing is reportedly difficult among Somali immigrants because of cultural and language barriers. The major intervention in this group may be to promote increased compliance with tuberculosis screening and/or increased health education to ensure early case detection when symptoms occur. Contact tracing among drug users and the homeless is notably difficult as well, and additional measures to prevent tuberculosis transmission in this group and the need to promote early case detection are again emphasized [17] .
Risk factors for clustering as disclosed in this study, such as male gender, young age, homelessness, drug abuse, and a long stay in the country of residence, have previously been described in other studies [4, 14] . Similar to findings in the United States, we found somewhat more transmission in urban environments, in particular among drug abusers and the homeless, and also between immigrants and the native population [17, 20, 21] . Pulmonary cases were more likely to be clustered than extrapulmonary tuberculosis cases, which is to be expected, as pulmonary cases are the main sources of infection [37] and are thus able to generate clusters. Contrary to studies in the United States [4, 5] , HIV was not found to be associated with clustering after adjusting for drug use. Perhaps the association in the United States occurred in part because of nosocomial transmission in HIV/AIDS clinics [18, 39] .
Studies in the United States showed that drug-resistant M. tuberculosis cases were more likely to be in a cluster than drugsensitive cases [4, 5, [39] [40] [41] . In our study population, isoniazidresistant strains were less likely to be clustered than isoniazidsensitive strains or streptomycin-resistant strains, as had been suggested in an earlier, preliminary report [26] . Moreover, in the present study, potential confounders were taken into account, and the association remained. It has been known for decades that isoniazid resistance may lead to reduced virulence of M. tuberculosis strains in animal models [42, 43] . This study indicates on the basis of DNA cluster analysis that isoniazidresistant strains may be less likely to generate secondary cases in a human population. Preliminary data suggest that the prevalence of particular mutations in the katG gene of isoniazid differ between clustered and nonclustered resistant strains. This would suggest differences in transmissibilty of the various genotypes of isoniazid resistance. If confirmed, one would expect that the prevalence of various resistance genotypes in a population may be exploited as an indicator of the prevalence of acquired versus primary resistance in a population.
